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Abstract 
During the early stages of bone regeneration, 
oxygen plays a key role, recruiting mesenchymal 
stem cells and regulating the processes of 
differentiation, proliferation, and apoptosis. To 
study in these effects, a 3D computational model 
has been developed, where the effects of oxygen in 
the mentioned processes are considered. 
Introduction 
Oxygen concentration acts as a key stimulus in the 
regeneration and remodeling of tissues. Processes 
such as migration, differentiation, proliferation, and 
apoptosis, being essential for tissue growth, are 
regulated by the level of oxygen concentration. The 
living cells need a certain oxygen concentration 
(normoxia) to continue its needful activities. This 
level of normoxia differs between different cell 
types [1]. The lack of oxygen (hypoxia) can carry 
out the inhibition of vital cell processes [2], and the 
total lack of oxygen (anoxia), triggers apoptosis.  
Here, we present a 3D computational model to 
study the processes of migration, differentiation, 
proliferation, and apoptosis, under different oxygen 
conditions.  
Material and methods 
The model has been implemented in the commercial 
Finite Element software Abaqus, through user 
element subroutines (UEL), where cells have been 
discretized with a quasi-spheric geometry formed 
by 24 cell surface nodes of hexahedral elements 
(Fig.1).  
Cell migration 
Cell forces have been considered under equilibrium 
in such a way that, 
𝐅𝐅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐅𝐅𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐅𝐅𝑑𝑑𝑝𝑝𝑑𝑑𝑑𝑑 = 0. (1) 
Where 𝐅𝐅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  is the protrusion force, 𝐅𝐅𝑒𝑒𝑒𝑒𝑒𝑒 is the 
effective traction force, and 𝐅𝐅𝑑𝑑𝑝𝑝𝑑𝑑𝑑𝑑 is the drag force. 
𝐅𝐅𝑒𝑒𝑒𝑒𝑒𝑒 is considered to be driven by the combined 
effect of the mechanotaxis and chemotaxis cues. It 
can be calculated by:  
𝐅𝐅𝑒𝑒𝑒𝑒𝑒𝑒 = ‖𝐅𝐅𝑝𝑝𝑝𝑝𝑑𝑑𝑡𝑡‖ · �𝜇𝜇𝑚𝑚𝑒𝑒𝑡𝑡ℎ 𝐅𝐅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡‖𝐅𝐅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡‖ + 𝜇𝜇𝑝𝑝2 𝛻𝛻[𝑝𝑝2]‖𝛻𝛻[𝑝𝑝2]‖�. (2) 
Where 𝐅𝐅𝑝𝑝𝑝𝑝𝑑𝑑𝑡𝑡 is the traction force generated by the 
actin-myosin contraction, 𝜇𝜇𝑚𝑚𝑒𝑒𝑡𝑡ℎ and 𝜇𝜇𝑝𝑝2 are the 
effectivity index of the mechanotactic and 
chemotactic stimulus, respectively. 𝛻𝛻[𝑜𝑜2] is the 
gradient of oxygen concentration.  
Due to the random polymerization of the actin 
filaments, a random protrusion force, 𝐅𝐅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, is 
generated. It can be calculated by, 
𝐅𝐅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝜅𝜅 · ‖𝐅𝐅𝑝𝑝𝑝𝑝𝑑𝑑𝑡𝑡‖ · 𝐞𝐞𝑝𝑝𝑑𝑑𝑟𝑟𝑑𝑑 . (3) 
With 𝜅𝜅, a random factor (0 ≤ 𝜅𝜅 < 1), and 𝐞𝐞𝑝𝑝𝑑𝑑𝑟𝑟𝑑𝑑 is 
a random directional unit vector.  
𝐅𝐅𝑑𝑑𝑝𝑝𝑑𝑑𝑑𝑑, generated by the viscous resistance of the 
medium, is calculated by, 
𝐅𝐅𝑑𝑑𝑝𝑝𝑑𝑑𝑑𝑑 = [6 · 𝜋𝜋 · 𝑟𝑟] · 𝜂𝜂 · 𝑣𝑣 (4) 
where [6 · 𝜋𝜋 · 𝑟𝑟] is the shape factor for spherical 
shape, 𝑣𝑣 is the cell velocity, and 𝜂𝜂 is the medium 
viscosity. 
Cell fate 
In this model, the oxygen thresholds of normoxia, 
hypoxia, and anoxia, as well as their effects on 
different cellular processes, have been defined. 
Under normoxia, cells can differentiate and 
proliferate. The cell decision to differentiate into a 
specific phenotype depends on the mechanical 
stimulus that the cell receives [3], calculated as: 
𝛾𝛾(𝑥𝑥, 𝑡𝑡) = 1
𝑛𝑛
 �𝐞𝐞𝑝𝑝𝑝𝑝𝑝𝑝: 𝛆𝛆𝑖𝑖: 𝐞𝐞𝑝𝑝𝑝𝑝𝑝𝑝𝑇𝑇𝑟𝑟
𝑖𝑖=1
 (5) 
Where 𝐞𝐞𝑝𝑝𝑝𝑝𝑝𝑝 is the polarization direction, 𝛆𝛆𝑖𝑖, is the 
strain tensor at each node of the cell surface, and 𝑛𝑛 
is the number of nodes located on the cell surface. 
Under hypoxic conditions, cell processes of 
differentiation and proliferation are inhibited. 
Finally, under conditions of anoxia, the cells will 
trigger apoptosis. 
Results 
To validate the model, three cases have been 
evaluated and compared with results reported in the 
literature [4, 5]. In all cases, initially, 10 
mesenchymal stem cells have been seeded in a 
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substrate with a rigidity encouraging for osteogenic 
differentiation (45 kPa). 
In the first case, the cells are in a confined substrate, 
with an initial oxygen concentration of 13%. Cells 
consume oxygen and undergo through the different 
thresholds of oxygen. Under normoxia (6-13% [𝑜𝑜2]), cells differentiate and proliferate. Under 
hypoxia (1-6% [𝑜𝑜2]) cell differentiation or 
proliferation processes are inhibited. Finally, under 
anoxia (<1% [𝑜𝑜2]), cells trigger apoptosis. After 40 
days, almost all the cells have died, and only one 
remains in the substrate (Fig.2 (a)). 
In the second case, cells are under constant oxygen 
concentration (21%). During the whole simulation 
time, the cells are in normoxic conditions, favoring 
cell growth. After 40 days, the substrate is full of 
cells (Fig.2 (b)).  
In the third case, an oxygen gradient has been 
considered along the longitudinal direction, 
generating zones of normoxia, hypoxia, and anoxia. 
Thus, cells tend to migrate to normoxia zones. Cells 
under anoxia thresholds trigger apoptosis, those 
under hypoxia conditions inhibit cell processes, and 
those in the normoxic zone differentiate and 
proliferate. After 40 days, cells have migrated to the 
zone of maximum oxygen concentration (Fig.2 (c)).  
Conclusions 
We have developed a 3D computational model to 
evaluate the processes of cell migration, 
differentiation, proliferation, and apoptosis under 
different oxygen concentrations. It is also capable 
of qualitatively predicting the cellular response to 
changes in oxygen concentration. The obtained 
results are consistent with the bibliography [3, 4]. 
These results support the idea that oxygen plays a 
key role in the growth and remodeling of the tissues. 
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Fig. 2. Cellular response to different configurations of oxygen 
concentration, (a) confined cell culture, (b) constant oxygen 
concentration, and (c) oxygen gradient, along 40 days.  
Fig. 1. Cell forces. Sensing forces (red) applied to the cell 
membrane. Balance of forces acting on the cell, consisting 
of 𝐅𝐅𝒆𝒆𝒆𝒆𝒆𝒆 (blue), 𝐅𝐅𝒑𝒑𝒑𝒑𝒐𝒐𝒕𝒕 (blue) and 𝐅𝐅𝒅𝒅𝒑𝒑𝒅𝒅𝒅𝒅 (green). 
